easily when the oyster is feeding. Through the water pores and tubes there is direct communication between the inside and outside of the gill, and the flow of water in one direction is due exclusively to the rhythmical beats of the lateral cilia (Fig. 1.) These facts have an important bearing on the discussion of the experimental data.
Method.
The method employed in this work consists in measuring the rate of flow of water produced by the gills at different temperatures. For this purpose the / FIG. 1. Filament of the oyster gill; transverse section. Camera lucida drawing. f, frontal cilia; k, fronto-lateral cilia; l, lateral cilia.
valves of the oyster are forced apart and a glass rod is placed between them'to prevent their closing (' Fig. 2) ; a rubber tube, A, from 6 to 7 ram. in diameter, is inserted into the cloaca and made fast by packing all the spaces around it with cotton. The exhalent current passes through the tube; leakage, ff any, can be noticed easily by adding a few drops of carmine suspension and watching the produced currents. The oyster is then placed in a glass tray of about 4 liters capacity. The end of the rubber tube, A, is connected to a tube, B, the upper end of which is attached to a funnel, F, filled with a fine suspension of carmine in sea water. The third end of the tube, B, is connected with a graduated glass tube, C, 6 mm. in diameter and 17 cm. long. Releasing the clamp, D, a very small amount of carmine is allowed to enter the tube, C, where it forms a distinct cone, moving inside the tube. The rate of movement of the apex of the cone is measured by recording with a stop-watch the time during which it passes from 0 to the 15 cm. mark. The temperature of the water is changed by using either an electric hot point immersion heater or a battery of jars filled with a freezing mixture. The water in the tray is agitated by an electric stirrer and is aerated. If necessary, the tray is placed in a water jacket with a mixture of salt and crushed ice packed between the walls. Readings are made after the oyster has been left for 15 minutes at a given constant temperature (possible fluctuations -~ +0.5°C.). At every given temperature from l0 to 20 readings are made, from which the arithmetic mean is computed. From the figures thus obtained and represeuting the velocities of the current at the center of the tube, the discharge of water (in liters per hour), and the work performed in propelling it through a given tube can be computed.
Inasmuch as a distinct cone of carmine suspension is visible, it may be assumed that in this case we have a viscous flow or "stream line," to which the Poiseuille's formula:
is applicable. In his formula S = speed at the axis of the tube in cm./sec.; Ddiameter and l = length of tube in cm.; Ap ---pressure drop between the two marks in dynes] cm3; ~ -viscosity in poises (c. G. s. unit).
As the mean velocity (SM) of the whole cross-sectional area of the tube is onehalf of the velocity at the axis, 1 S s~ = ~ (s) the rate of discharge, V, in cm?/sec.,
The rate of doing work W (in ergs/sec.) is equM to the product of discharge, V, by drop in pressure, p.
w = w p (5)
Substituting the values of V and p (formula~ (2) and (4)), we arrive at a simple expression,
Applying formulae (4) and (6), both the discharge and the rate of doing work can be computed. In an analysis of the effect of temperature on the activity of the ciliated epithelium, the latter figures have an obvious advantage because they eliminate the error introduced by the changes in the viscosity of sea water. In computing the rate of doing work, the values of the viscosity of sea water were obtained by interpolation from the data given by Kriimmel and Ruppin (1905) . The salinity of water in the present experiments varied from 28.0 to 31.6 parts per thousand.
In computing the work produced by the gills, the length of the tube, l, was taken as equalling 15 era. As all three tubes (Fig. 2) are approximately of the same diameter, it might be possible to use the entire length from the oyster to the end of the tube C; but this probably would be'less accurate on account of the unknown amount of loss of head or resistance, due to rubber and ~L-tube connections. Thus, the figures computed from the experimental data represent the work that is expended in producing a stream between the 0 and 15 cm. marks in the glass tube C. The changes in the dimensions of the tube, due to the thermal expansion of glass, are so small that the possible inaccuracy due to this source is much less than the experimental error.
1 See Gibson, 1925, p. 63. Comparison with the Other Methods.
Attempts to measure the energy of the ciliary motion have been made by many investigators who applied methods entirely different from that adopted in the present investigation (Calliburc~s (1858), Bowditch (1876), Engelmann (1879), J'ensen (1893), Vignon (1901) , Orton (1912) , Merton (1923) , Gray (1923-24) , Yonge (1926) ). Most of these experimentswere madewith a small piece of epithelium cut away from the organism and kept for a considerable period of time in sea water or in balanced salt solution, where it undoubtedly was undergoing irreversible changes.
The present method eliminates the main difficulties encountered in previous experiments. First, the organism is kept intact and the gills work under normal conditions; second, there is no stimulation of the ciliary epithelium mused by contact with foreign bodies.
The experiments were carried out during the summers of 1925 and 1926 and in the winter of 1927 at the United States Fisheries Biological Station at Woods Hole, Massachusetts. The oysters used in the experiments were received from Long Island Sound, WeUfleet Harbor, Massachusetts, and Chesapeake Bay, Virginia. There was no differences in the behavior of oyster from these three localities.
The author desires to express his gratitude to Dr. E. Buckingham, United States Bureau of Standards for the advice in hydrodynamical problems involved in the present investigation.
Effect of Temperature on the Rate of Doing Work.
The beat of the ciliary cell has two distinct phases (a) a very rapid forward or effective stroke, and (b) a slow backward or regressive stroke. The energy expended during each phase can be computed by using the formulm given by Weiss (1909) and GelLhorn (1925) . When the ciliary motion proceeds in one plane, the cilium is straight and the velocity is constant, the resistance (p) to a middle point of the cilium lashing in the water is proportional to the square of velocity (v) p = k~ (7) where k is a constant. The energy, E, expended during ~ne phase is
The work performed by the cilium in time, where s is the amplitude. t, is w ~= ---=/~s (9) t
MECHANICAL ACTMTY OF OYSTER GILLS
The ability of the ciliated cells to transport the particles or produce a current of water depends on the ratio between the progressive and regressive phases. If for instance the velocity of the progressive phase, as has been shown by Kraft (1890), is five or six times greater than that of the regressive stroke, the work performed by the first one is 125 or 216 times greater than that of the latter. It is obvious that even small changes in the ratio between the velocities of two strokes result in marked changes in the effective work of the cilium.
Besides the ratio of the velocities of the progressive and regressive strokes, the efficiency of the ciliated epithelium depends on three other factors: amplitude of the strokes, their frequency, and the rhythm of the ciliary motion along the whole surface of the organ. One of the most remarkable features of the ciliary mechanism is the metachronical rhythm which is due to the fact that any individual cell begins its progressive stroke slightly before the cell situated on one side of it and after that located on the other side. In a complex structure like the gill of an oyster the current running from the epibranchial chambers to the outside is produced by the thousands of lateral cells that beat with a definite succession and cause the increase of pressure inside the gill cavity. The maintenance of a given pressure depends on a definite rhythm of strokes along all the filaments of the gill. As soon as in some of the filaments the latter slows down there occurs a leakage that causes a drop in pressure resulting in a decrease or a complete stoppage of the current. In this manner, even a small disturbance in the rhythm of beats in some of the filaments may cause considerable fluctuation in the velocity of the outgoing current.
Physical and chemical changes in the surrounding medium have a marked effect on the behavior of the ciliated cells. Gray (1923-24) has shown that not only temperature but.changes in the pH value, O~, and COs content affect the ciliary activity. In experimental work it is necessary, therefore, to eliminate the effect of all the variables except that which is studied. In the present experiments the salinity of the water, its oxygen content, and the pH value were kept constant. There are two factors, however, the control of which presented certain difficulties and which may be responsible for considerable fluctuation of the experimental data. In some of the oysters, especially in those that have been exposed for a long time to a low temperature, the gills were covered with a thick layer of mucus which blocked a free passage of water through the pores. After the outside and the inside of the branchial chambers were washed out with sea water, the current became steady. Mechanical stimulation represents another factor that may affect the velocity of the current. Whenever the oyster attached to the apparatus was disturbed, it invariably showed a change in the rate of flow, frequently stopping the current entirely but coming back to normality in a few minutes. The following record of one of the experiments illustrates this fact very clearly. It is very probable that these fluctuations are due to the contraction of the branchial chambers or plicae, caused by mechanical stimulus. In the experiments described below the precaution was taken to avoid mechanical stimulation; and in case the oyster was disturbed by accident, it was left for 10 minutes before the next readings were made.
The experimental data obtained during the summers of 1925 and 1926 consist of 167 determinations of the rate of doing work of 15 oysters subjected to different temperatures, ranging from 5 ° to 45°C. Each determination is a mean of 10 or 20 readings. Altogether there were made 2470 readings. There exist considerable individual variations in the rate of doing work in the various oysters. Table I are consistent in the respect that all the oysters show an increase in the rate of doing work with the increase in temperature, and vice versa. Below 40°C. the process is reversible; temperatures above 40°C. produce irreversible changes in the gill epithelium. Oysters kept for 20 minutes at 40 ° and brought back to 20 ° failed to recover and produced only slow and irregular currents. Exposure to low temperatures (from 3 ° to 5°C.) apparently has no injurious effect, the gill epithelium resuming its activity as soon as the temperature is raised.
The relation between the temperature and the rate of doing work is shown in Fig. 3 Fig. 4 . Examination of the curves shows that the maximum activity of the oyster gill takes place between 25 ° and 30°C. This is in accord with Gray's data on the effect of temperature on the ciliary motion of a
Mytilus gill.

Below 7 ° the efficiency of the ciliary motion of the oyster gill is very M E C H A N I C A L A C T I V I T Y O F O Y S T E R G I L L S
low and comes to zero at 5 ° while in the Mytilus the cilia are stilI active at this temperature. The determination of the critical temperature at which the ciliary motion ceases entirely presents certain diJficulties. The ciliary activity on the surface of the giI1 does not stop abruptly when a temperature limit is reached, but slows down gradually, some of the cilia coming to a standstill while the others continue beating. 
Four individual
that the current is not produced does not necessarily mean that the cilia are at a standstill; they may beat at such a slow rate or so irregularly that no pressure is maintained in the epibranchial chambers. It frequently happens that the frontal cells are still in motion while all the lateral cells are at a standstill. It has been noticed that in a small fragment of the gill kept under a cover-glass and examined with a high power lens, the ciliary activity usually ceases entirely when the temperature drops to 5°C. (Galtsoff, 1926) . Different results, however, may be obtained when a large piece of the gill is kept in a considerable volume of water and examined with a water immersion lens. In the experiments performed in September, 1926, and February, 1927, at Woods Hole, large pieces of the gills were kept in Stender dishes placed in water jackets filled with a freezing mixture. Under these conditions a complete cessation of the ciliary motion took place at a temperature around -2°C., i.e. near the freezing point of Woods Hole water. The action of the cilia at this low temperature is so irregular and slow that apparently it has no significance for the functioning of the gill. The discrepancy between the two sets of experiments should be attributed to the different conditions of the tissues and to the back of blood in small fragments. No ciliary activity has been observed at temperatures below -2°C.; but freezing and exposure to a temperature of -3.6 ° for 6 hours failed to bring irreversible changes in the ciliary apparatus, and the cilia began to beat as soon as the ice was melted.
In a study of the effect of temperature on various vital phenomena , the question whether the relation between the frequency of the reaction and temperature can be described by the Arrhenius equation undoubtedly is of great interest. The usual procedure is to plot the logarithm of frequencies against the reciprocal of absolute temperature and to determine whether the given series of observations fits a straight line. The individual series of present observations, plotted according to the method adopted by Crozier (1924 Crozier ( -25, 1925 , failed to be rectilinear (Fig. 5) , consequently no significant value of the temperature characteristic, #, can be calculated. Analyzing Gray's data on the effect of temperature on the relative speed of the ciliary motion of Mytilus gills, Crozier (1924-25) has shown that they can be described by the Arrhenius formula and he has computed the thermal increment of the reaction. The question naturally arises as to the reason for this discrepancy. Gray's method consisted in determining the time required to move a circular platinum plate over a distance of 1 cm. on the ciliated surface. One of the differences between Gray's experiment and the present investigation lies in the type of the cilia involved. The transport of particles along the surface of the gill is accomplished by the activity of the frontal cilia, while for the current running through the gills the lateral cilia are responsible. It seems improbable, however, that the reactions controlling the activity of two different types of ciliated cells should be fundamentally different. Undoubtedly all the cilia, in producing certain mechanical work, expend the energy derived from one or several chemical reactions. The work performed by the cilia in moving a plate at a uniform speed is a function of the frequency and the amplitude of the beats. Gray finds that between 0 ° and 33 ° the amplitude remains normal while the frequency of the beats increases. Leaving the questions of changes in the resistance caused by secretion of mucus, the variations in the viscosity of mucus at various temperatures, and the possible changes in the ratio between progressive and regressive strokes (at present we have no method to measure it), the conclusion can be reached that the mechanical work produced in transporting an object over the ciliary surface is a function of the frequency of the beats and depends directly on the velocity of the chemical reaction that controls the ciliary activity.
Certain complications arise, however, when we consider the mechanical activity of the gills in producing a current of water. The flow of water from point A to point/3 is caused by the difference in pressure between the two points, and the velocity of the current is a function of a pressure drop along the distance AB. The head pressure inside the gill cavity is maintained by the activity of the lateral cilia. As in the case of the transport of particles by frontal cilia, the work produced by the lateral cilia is a function of the frequency of their beats, and depends, also, on the amplitude and the ratio between the progressive and regressive strokes. But the efficiency of the gill in producing a steady current depends not only on these factors but also on the coordination of the ciliary motion along the entire surface of the gill. Under the conditions of the experiments the oysters always have shown certain fluctuations in the rate of flow, which could not be attributed directly to the changes in the surrounding medium. Excluding the cases of mechanical stimulation, the range of fluctuations observed during the experiments varied with the temperature. It.has been noticed that the fluctuations are much larger at low or high temperatures than they are within the range from 15 ° to 25°C. A clear idea of the effect of temperature on the constancy of the current can be gained from an examination of the coefficients of variations V ~100¢' where ¢ = standard deviation and M = arithmetic mean. M V has been determined for every set of readings, and all the data were grouped in 11 classes, each having 3 degree intervals. The mean of each class has been plotted at the mid-value of the class interval (Fig. 6) . The curve shows very clearly that the absolute variability increases below 1S ° and above 25 °. The fluctuations between 15 ° and 25 ° are small, ranging from 4.4 per cent to 5.9 per cent. It is very probable that the observed fluctuations in the rate of flow of water are due chiefly to the temporary disturbances in the coordination of the ciliary activity.
The conditions of the experiments preclude the possibility of a microscopical examination of the behavior of the cilia of a given oyster, but observations made on small fragments of the gill show that at a temperature below 15 ° the rhythm becomes less regular.
At 10 ° the characteristic metachronical wave is interrupted frequently because the cilia in some of the filaments begin to beat simultaneously instead of beating in succession, as they normally do. The result is that in certain blocks of the filament all the lateral cilia beat at once at the same phase, while in the other portion of the filament the metachronical rhythm is maintained. The disturbances in .coordination of the beats, brought about by the changes in temperature, complicate the effect of the latter on the frequency of the beats and supply an explanation of why the Arrhenius equation, which has been found applicable in the case of the relative speed of Mytilus cilia, fails to describe the effect of temperature produced on the rate of doing work of the oyster gills. The case is comparable to that of the locomotor activity in the tent caterpillar (Crozier and Stier, 1926) , where the relationship between the speed of creeping and the temperature fails to follow the equation of Arrhenius, while the frequency of abdominal peristaltic locomotor waves is controlled by the temperature in accordance with this equation.
The process responsible for the coordination of the ciliary activity has been studied and discussed frequently, but its nature still remains undiscovered. The majority of the workers in this field hold the view that the ciliary motion is not under the control of the nervous system. Several observations to the contrary have been made, however. Merton (1923 and 1924) found that the ciliary epithelium covering the lips in Physa and Helix is under nervous control and can be set into activity by the stimulation of the proper nerve. Grave and Schmitt (1925) , studying the structure of the gill epithelium of fresh water mussels, came to the conclusion that the fibrillar structures in the ciliated cells serve for coordination and regulation of ciliary movement. According to them, the cells may be perfectly autonomous and continue to beat in the absence of neural connections and at the same time there may be "supplementary nervous connections whereby the automatic bent of the cilia is regulated in conformity with the state of the organism as a whole." The authors fail, however, to supply evidence of the existence of the connection between the nervous system and the fibrillar apparatus of the ciliated cells, and the question of the dual nature of the ciliated epithelium requires further investigation. The question whether the coordination of the ciliary motion is due to the neuroid transmission or to the conduction of stimuli through a complex fibrillar mechanism connected to a nervous system has no direct bearing on our problem. The transmission of a stimulus by the epithelium is a well established fact (Kraft, 1890; Wyman, 1924-25) and undoubtedly is of importance for the coordination of the ciliary motion in the gills. The fact that a small piece of epithelium cut away from the animal body continues to beat with a metachronical rhythm precludes the idea that the rhythmical motion is controlled from some definite point of the tissue. It is very probable that the timing mechanism is situated throughout the whole epithelial layer and, as the present observations show, is affected by exposure to temperatures below 15 ° and above 25°C.
CONCLUSIONS.
1. The method is described whereby the rate of flow produced by the gills of the oyster can be measured accurately.
2. The rate of doing work in maintaining a constant current along the glass tube can be expressed by the formula W = 27flu S ~, where W = ergs/sec., l = length of the tube, u = viscosity in poises, and S --speed at the axis of the tube.
3. The relationship between the rate of doing work and the temperature cannot be described by the equation of Arrhenius.
4. The optimum temperature for the mechanical activity of the gills lies between 25 ° and 30°C. Below 5 ° no current is produced, though the cilia are beating. Ciliary motion stops entirely at the freezing temperature of sea water.
5. The factors responsible for the production of current are discussed. The study of the relations between the variability of the rate of flow and the temperature shows that between 15 ° and 25°C. the absolute variability remains constant and increases considerably above 25 ° and below 15 °. The rSle of the coordination in the production of current is discussed, and the conclusion is reached that coordination is affected by the changes in temperature.
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